A measurement of the underground muon decoherence function has been performed using the multiple muon events collected by the MACRO detector at the Gran Sasso National Laboratory. A 
I. INTRODUCTION The lateral separation and multiplicity of deep underground muon bundles are sensitive to the chemical composition and energy spectra of the primary cosmic rays incident in the Earth s atmosphere, to their initial interaction and to the ensuing hadronic cascade [1] . In this paper we report on an analysis of multiple-muon events observed during 7200 live hours of operation of the MACRO detector at the Gran Sasso National Laboratory. We specifically address aspects of the hadronic interaction through a comparison of the decoherence function derived from our data with that expected from Monte Carlo simulations based on recent results from collider experiments. The sensitivity of multiple muon rates to the cosmic-ray chemical composition is the focus of a companion paper [2] .
In the remainder of this section, we define the decoherence function and outline the physics contributing to its evolution. Subsequent These muons belong mostly to the kinematic region of high rapidity (fragmentation region) [1] , which is not easily accessed by collider experiments. In the laboratory frame, muons propagate through the atmosphere in a narrow cone whose opening angle with respect to the incident cosmic-ray direction is determined by the energy and transverse momentum (P, ) distribution of the parent mesons belonging to the cascade. By the time they reach the detector depth, however, their lateral spread about the common axis may be several meters.
The spatial separation of any pair of muons in a bundle depends on the energy and interaction height of the parent cosmic ray, their relative P" the multiple Coulomb scattering of muons in the rock overburden above the underground laboratory, and, for oppositely charged particles, the geomagnetic field. These processes are essentially stochastic, and they contribute to a broadened muon lateral distribution.
In some cases, these factors compete. For example, the hadronic interaction cross section increases generally as a function of ln(s) [3, 4] (&s =center-of-mass energy), so that the interaction height in the exponential atmosphere increases slowly as the primary energy increases. Figure 4 shows the distributions of the pair distances for each data sample, normalized to the total number of events falling in the range between 0 and 4 m, namely, in the region of the maximum number of events. The distributions differ in the region of higher separations, reflecting the doubling of detector area. For a given event configuration, the containment efficiency, i.e. , the fraction of the muon bundle that passes through the detector, depends on the apparatus acceptance. Furthermore, in a projective detector such In order to check the two unfolding procedures, we tried to reconstruct an a priori known muon lateral distribution which spans the entire distance range of real pairs.
The events generated by this distribution have been processed through the same unfolding procedures as experimental data. The agreement between the unfolded curves and the input function (Figs. 5 and 6 ) confirms the ability of our algorithms to reconstruct the decoherence distribution.
Both procedures provide compatible decoherence functions when data acquired from one and two supermodules are analyzed. Figure 7 shows the superposition of these decoherence curves, normalized to the total number of events that fall within the common separation interval (12 m Another systematic uncertainty is introduced by our assumed model of mass composition of the cosmic-ray primaries. We have used two composition models in addition to the CMC to investigate this point. These are the Maryland composition [13) ("heavy"), which is heavier than the CMC, and a low-energy composition (LEC) with an enhanced proton component [14] (" light" ), which is lighter than the CMC. All models have been adjusted to the same all-particle spectrum [15] . The decoherence functions related to different mass compositions are shown in Fig. 8 . The average separation changes by about 10% between the two extreme models, going from 883 cm ("heavy" model) to 806 cm (" light" model plored by our experiment and it is the subject of another paper [2] . Figure 9 shows the experimental decoherence curve [11] . In the same figure, we also show the results obtained by replacing in the Monte Carlo simulation the parametrization of the shower development with that published in [1, 16] , where a simplified hadronic interaction model was used. Such a model is evidently not consistent with our data. In Fig. 9 we also note a possible deviation at large separations between data and the HEMAS model, but this is within the systematic uncertainty introduced by the hadronic interaction model. In Figs. 10(a) and 10(b), we report analogous comparisons for dimuon and trimuon bundles in which our second unfolding procedure is used.
The muon separation depends mainly on the muon production height, transverse momentum of parent mesons, and multiple scattering of the muons in the rock [8] is still valid at these energies.
In the future new data will be available with the full MACRO length (over 70 m}. This will allow us to increase the sensitivity of our measurements and to better investigate the dependence of muon separation on the different parameters. Possible scaling violations in the fragmentation region due to parton-parton scattering could be revealed by the decoherence shape at large distances. We shall also be able to study the decoherence function with the sample of data taken in coincidence with the EASTOP surface array [7] , which measures size of extensive air showers.
